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Abstract  
 
Each year, nearly 900,000 deaths are due to serious liver diseases caused by chronic hepatitis 
B virus (HBV) infection. The viral particle is composed of an outer envelope and an inner 
icosahedral nucleocapsid formed by multiple dimers of a ~20 kDa self-assembling core 
protein (Cp). Here we report the solid-state 13C and 15N resonance assignments of the 
assembly domain, Cp149, of the core protein in its capsid form. A secondary chemical shift 
analysis of the 140 visible residues suggests an overall alpha-helical three-dimensional fold 
matching that derived for Cp149 from the X-ray crystallography of the capsid, and from 
solution-state NMR of the Cp149 dimer. Interestingly, however, at three distinct regions the 
chemical shifts in solution differ significantly between core proteins in the capsid state versus 
in the dimer state, strongly suggesting the respective residues to be involved in capsid 
assembly.  
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Biological Context 
More than 2 billion people have been infected with hepatitis B virus (HBV), and more than 
250 million thereof have become chronic carriers of the virus. Each year, close to 900,000 
people die from hepatitis B as they develop chronic liver disease, including cancer (World 
Health Organization 2017). While an effective prophylactic vaccine is available to prevent 
infection, current treatments for chronic HBV infection are rarely curative and subject to the 
emergence of resistant virus variants (Zoulim and Durantel 2015). Hence new therapeutic 
options are urgently sought (Revill et al. 2016).   
The HBV virus particle (virion) is composed of an outer envelope bearing three related 
surface antigen (HBsAg) proteins and an inner nucleocapsid formed by multiple copies of a 
single about 20 kDa core protein (Cp) species. Cp forms stable dimers capable of self-
assembling the capsid shell. The predominant form consists of 120 Cp dimers arranged 
in  T=4 icosahedral symmetry. In infection, newly forming nucleocapsids initially co-
package a complex of one copy of the viral pregenomic (pg) RNA plus one copy of the viral 
polymerase (Pol); maturation involves capsid-assisted reverse transcription of the pgRNA into 
a relaxed circular DNA by Pol (Nassal 2015). The N terminal ~140 amino-acids of Cp, 
modeled by C terminally truncated variants like Cp149, are required and sufficient for capsid 
shell formation, even in bacteria (Gallina et al. 1989; Birnbaum and Nassal 1990). The 
downstream arginine-rich C-terminal domain (CTD) generally binds nucleic acids (Birnbaum 
and Nassal 1990) but is also required for specific viral pgRNA packaging (Nassal 1992). 3D 
structures, first by cryo-electron microscopy (EM) reconstruction, revealed mostly an 𝛼-
helical fold (Conway et al. 1997; Böttcher et al. 1997). The crystallographic structure of 
Cp149 later solved at a resolution of 3.3 Å (Wynne et al. 1999) gave an atomic-level view of 
the protein. Since then, further structures of the HBV capsid have been solved either by cryo-
EM (Crowther et al. 1994; Dryden et al. 2006; Chen et al. 2011; Yu et al. 2013; Selzer et al. 
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2015; Patel et al. 2017) or crystallography (Bourne et al. 2006; Katen et al. 2013). Yet, 
despite these structural studies, many steps along the viral life cycle involving the core protein 
are not yet fully understood; namely, as the conformation of the capsids is believed to be a 
function of the different maturation states (Ning et al. 2017), it is central to structurally 
analyze the capsids under a larger variety of conditions. In this context, solid-state NMR is an 
attractive technique since it allows the study of large molecular assemblies as viral capsids at 
physiological temperature, including those not forming crystalline states, which enables the 
study of different constructs, formed in various environments. First applications of solid-state 
NMR to virus capsids have been described in the literature and made significant advances in 
the understanding of different viral cycles. For example, Polenova and coworkers have 
determined a structural model of the human immunodeficency virus 1 (HIV-1) capsids and 
have shown that the internal flexibility of the capsid protein is essential for its assembly and 
interaction with host partners (Han et al. 2010; Quinn et al. 2015; Suiter et al. 2015). Solid-
state NMR also allowed the characterization of the dynamics of fd bacteriophage, both of the 
filamentous and icosahedral, as well as to probe the capsid regions involved in the interaction 
with the DNA genome of the virus (Morag et al. 2014; Abramov et al. 2015). More recently, 
the structure of the Acinetobacter phage 205 has been solved (Andreas et al. 2016) using the 
advances in NMR technology with faster spinning frequencies (110 kHz) and 1H detection 
techniques (Penzel et al. 2015; Stanek et al. 2016). All these studies have paved the way 
towards the analysis of a large variety of viral capsid assemblies using magic-angle spinning 
(MAS)-NMR, in order to understand the viral life cycle. 
Here we report the 13C and 15N resonance assignments of the HBV core protein Cp149 in the 
capsid form as assembled in E. coli using 2D and 3D solid-state NMR experiments. The 
spectra obtained show narrow lines (between 70 and 100 Hz in 13C) typical for highly ordered 
assemblies. We compare the obtained chemical shifts and secondary structures to previous 
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 5 
structural studies by X-ray and solution-state NMR, and highlight that the differences are 
mainly located at the dimer interfaces. This assignment of the assembly domain forms the 
first step towards investigation of full-length Cp183 particles, either filled with RNA, or 
mostly devoid of RNA upon extensive phosphorylation of the C-terminal domain.  
 
Materials and methods 
Protein expression and purification; sample preparation 
Cp149 was expressed and purified as described previously (Heger-Stevic et al. 2017). Briefly, 
the pET-28a2-Cp149opt plasmid was transformed into E.coli BL21* Codon + (DE3) cells and 
grown at 37 °C overnight on a LB-agar plate containing 100 μg/ml ampicillin and 34 μg/ml 
chloramphenicol. Then, a single colony was inoculated into 3 ml LB medium and grown at 37 
°C for 5 h. It was then transferred into 50 ml of standard M9 minimal medium containing 
15NH4Cl and 
13C-glucose as the sole nitrogen and carbon sources. The culture was incubated 
for 4 hours at 37 °C and transferred into 100 ml fresh 13C-15N M9 medium for an overnight 
incubation at 25 °C. 850 ml of 13C-15N M9 medium were inoculated with the 150 ml 
overnight 13C-15N M9 culture. When OD600 reached 0.7, the bacterial cells were grown for 
another 6 h at 25 °C after induction with 1 mM IPTG.  
    Bacterial cells were pelleted by centrifugation (6,000 g, 20 min) and re-suspended in 15 ml 
of lysis buffer (50 mM Tris pH 7.4, 300 mM NaCl, 5 mM DTT). 15 mg of chicken lysozyme, 
300 μl of protease inhibitor cocktail solution 50X and 750 µl of 10% Triton-X-100 was added 
to the cell suspension and incubated on ice for 45 min. Benzonase nuclease was added to the 
suspension and mixed for 30 min at room temperature. The cells were lysed by sonication and 
then centrifuged at 8000 g for 1 h to remove cell debris.  The supernatant was loaded onto a 
step gradient from 10% to 70% (m/v) sucrose (buffered in 50 mM Tris pH 7.5, 300 mM NaCl, 
5 mM DTT) and centrifuged in SW-32Ti Beckman Coulter rotor at 28,800 g for 3 h at 4 °C. 
The gradient fractions containing Cp149 capsids were identified by SDS-PAGE (using 
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6 
Tris/Glycine/SDS buffer from BioRad and 15 % acrylamide) and precipitated by slow 
addition of (NH4)2SO4 to 20% saturation. After incubation on ice for 1 h and centrifugation at 
25,000 g for 1 h, pellets were resuspended in purification buffer (50 mM Tris pH 7.5, 5 mM 
EDTA, 5 mM DTT, 5% sucrose). The protein solution was centrifuged again for 15 min to 
remove insoluble pellets and the supernatant containing soluble capsids was dialyzed 
overnight in purification buffer at 4 °C. 
Electron microscopy 
5 μL of sample were loaded on a carbon-coated grid and incubated for 2 minutes. The grid 
was then layered on top of 50 μL of 2 % phosphotungstic acid (m/v) pH 7 and incubated at 
room temperature for 2 minutes for negative staining. The grids were examined with a JEM-
1400 transmission electron microscope operating at 100 kV. 
Fig. 1 Sample characterization. A. SDS-PAGE 15% acrylamide of a molecular weight marker (Precision Plus 
ProteinTM Unstained Standards from BioRad) and 20 µg of purified Cp149 expressed in E. coli. B. Negative-
stain EM picture of Cp149 concentrated at 1 mg/ml. 
Solid-state NMR spectroscopy 
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For NMR sample preparation, we started from 40 mg of soluble capsids which were 
concentrated to a final volume of l ml and sedimented into a thin-wall 3.2 mm zirconium rotor 
by centrifugation (180,000 g, 14 h, 4 °C) using a home-made filling tool (Böckmann et al. 
2009). All NMR experiments were conducted using a 3.2 mm triple-resonance (1H, 13C, 15N) 
probe head at static magnetic field of 18.8 T corresponding to 800 MHz proton resonance 
frequency (Bruker Avance II). Assignments were obtained at a MAS frequency of 17.5 kHz 
using a combination of 2D and 3D correlation experiments, including: 2D DARR, 3D 
NCACB, NCACX, NCOCX, CANCO and CCC (Schuetz et al. 2010; Habenstein et al. 2011). 
The 3D CCC was performed with the probe in double-resonance (1H, 13C) mode allowing to 
increase the signal to noise ratio by a factor of 1.4. Experimental details are given in Table 1. 
All spectra were referenced using DSS and recorded at a sample temperature of 4 °C, as 
determined by the resonance frequency of the supernatant water (Böckmann et al. 2009).  
Two-dimensional DARR, NCA and NCO spectra were recorded on several other preparations 
of the same protein assembly, and resulted in reproducible spectra. Two-dimensional DARR 
and NCA spectra of Cp149 capsids were also recorded at 37 °C to confirm that under 
physiological temperatures, the protein conformation remained identical. Three-dimensional 
spectra were subsequently recorded for 2–6 days each on a single sample of Cp149. Side-
chain assignments were achieved using NCACB, NCACX, NCOCX and CCC spectra 
(Schuetz et al. 2010; Habenstein et al. 2011). All spectra were processed using TopSpin 3.2 
(Bruker Biospin) by zero filling to no more than double the number of acquired points, the 
time domain signals were apodized with a squared cosine function (SSB 2.5–3 depending on 
spectrum and dimension). Spectra analysis and assignment was done with the CcpNmr 
Analysis package (Vranken et al. 2005; Stevens et al. 2011).  
 
 
Assignments and data deposition 
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 8 
Sequential assignments and secondary chemical shifts 
13C and 15N backbone and side-chain chemical shifts of the Cp149 capsid protein have been 
deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under the accession number 
27317. Capsids expressed with high yield of minimum 50 mg per liter culture, and final 
preparations showed a high purity level as shown in Figure 1A. Purified proteins were 
analyzed under the electron microscope. As described previously (Birnbaum and Nassal 
1990), capsids were assembled directly during bacterial expression, as numerous HBV core 
protein capsids were observed under the electron microscope (see Figure 1B for negative-
stain EM pictures). Capsid preparations were homogenous and showed mainly T=4 capsids 
with a typical diameter of 30  3 nm. The 2D 13C-15N NCA spectrum of assigned Cp149 
capsids is displayed in Figure 2A and shows narrow peaks with full widths at half maximum 
(FWHM) between 70 and 100 Hz in 13C, which is comparable to line widths obtained 
previously in viral capsid proteins such as the HIV-1 virion (Suiter et al. 2015) and is 
indicative for homogeneous preparations of uniformly labeled proteins. Representative planes 
of the 3D NCACB, NCACO, CANCO and NCOCA experiments are shown in Figure 2B. 
Assignments of Cp149 were completed at 87 % for all backbone atoms, with missing 
assignments predominantly found at the protein C-terminal end including residues 140 to 149 
for which no cross peaks were detected in 3D spectra. In detail, 95.6 % of N, 97.1 % of Cα, 
97.8 % of C’, and 75.3 % of side chain non-H (including 96.2 % of Cβ) were unambiguously 
assigned for residues 1–139 of Cp149.  
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Fig. 2D and 3D spectra used in sequential assignments: A) 2D 13C-15N NCA spectrum of Cp149 capsids. All 
assigned N-Cα intra-residue correlations are labeled with the residue number as well the Cα-Cδ intra-residue 
correlations for proline residues. The middle of the spectrum is copied inside the black rectangle for more 
clarity. B) Representative plane for residue Leu65 of 3D CANCO (red), NCACX (dark blue), NCACB (green 
for positive signals and orange for negative signals) and NCOCX (cyan) spectra. For experimental details see 
Table 1.  
 
A secondary chemical-shift analysis (Figure 3) reveals a backbone fold similar to that of the 
X-ray capsid structure as described in (Wynne et al. 1999). Helices α1 (residues 13-17) and 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 10 
α2 (residues 27-43) appear to be the same length in both capsids, furthermore the smaller 
values of secondary chemical shifts obtained for residues 37 and 38 are representative of the 
90°-kink observed in the X-ray structure. The two short helical stretches between residues 7-9 
and 21-23 described in the x-ray structure file can be identified as one-turn helices spanning 4 
residues by NMR. NMR also detects a short -strand from residues 1 to 4, a stretch which 
takes an extended conformation in the x-ray structure. Helix α3 (residues 50-76 in solid-state 
NMR) is predicted to be longer by three residues, while helix α5 is predicted to be two-
residues shorter (residues 112-125). Another difference is observed in helix α4 that is not 
divided into two smaller helices in the NMR predictions but instead would form a continuous 
30-amino acids helix, shorter by one residue compared to the X-ray structure. While these 
differences may be real structural differences between the two capsids analyzed, it is more 
likely that they are due to the more or less stringent conditions the structure analysis programs 
put on dihedral angles to identify helical segments. Also, NMR secondary chemical shifts 
might slightly vary depending on which average chemical shifts are taken as a basis. In both 
cases small variations can lead to values disregarded, or defined, as helices.  
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Fig. 3 Differences between secondary chemical shifts of Cα and Cβ resonances relative to their random 
coil shift (Wishart et al. 1995) as a function of Cp149 residue number. Missing assignments are represented as 
grey circles and include residues L119, V120, I126, R133, P134, as well as the C-terminal end from 140 to 149. 
For glycine residues (shown as grey bar), the deviation of the Cα shift from the random coil value is plotted. The 
-helices found in the X-ray structure of Cp149 capsid as described in (Wynne et al. 1999) are shown as pink 
boxes at the top of the graph and the ones predicted from solid-state NMR chemical shifts are shown as grey 
boxes. Four residues in a row with a positive value are indicative of an -helix and three residues in a row with a 
negative value indicate a -strand.  
 
Comparison to Cp149 dimer chemical shifts from solution-state NMR  
Chemical shifts of the dimeric core protein have previously been determined using solution-
state NMR on a protein comprising a slightly different amino-acid sequence (Freund et al. 
2008); furthermore, to prevent the dimers from assembling, solution spectra were taken at pH 
9.5 and at low salt concentrations. The backbone assignments here presented for the capsid 
form of Cp149 are slightly more complete than the ones determined for the Cp149 dimer, as 
conformational exchange likely induced the loss of several signals in the solution-state study. 
Also, the high pH used in that study might have been responsible for solvent-saturation 
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transfer effects. A comparison between the dimer and capsid chemical shifts is shown in 
Figure 4A for Cα and Cβ resonances. Chemical shifts of the six residues which were different 
between the two Cp149 constructs used were disregarded (A35, D40, D64, T74, V93 and 
L116 in the solution study). While overall chemical shifts are rather similar between the 
dimer and capsid form, interesting chemical shift differences, which we interpret as chemical-
shift perturbations (CSPs) upon assembly, are observed in three distinct regions identified in 
Figure 4B. The first region includes residues 18 to 23, which are involved in contacts with 
two different surrounding dimers in the capsid structure. The residues with which they are in 
interaction on the neighboring dimers comprise amino acids 136-138, which however have 
not been assigned for the dimer in solution. Other significant CSPs are observed in a second 
region from residues 55 to 62, which could be due to the different oxidation state of C61, or 
alternatively to allosteric changes induced by the interaction between the dimers in the capsid 
form. These changes could be transmitted via a third region showing CSPs comprising 
residues 96 and 97, which is located in between regions 1 and 2. Met1 also shows an isolated 
CSP, probably due to the close proximity with the second region affected by capsid assembly. 
CSPs observed for residues neighboring residues with different amino acids in the two 
constructs in the sequence, as is the case for residues N75 and L76, were disregarded in our 
analysis as they rather stem from sequence differences than to differences caused by 
assembly. Our results reveal the three major regions undergoing a conformational change 
between the core protein in solution and the core protein assembled as a capsid. 
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Fig. 4 Chemical shift perturbations between dimeric Cp149 and Cp149 capsids. CSP from Cα resonances 
are shown in blue and Cβ in red. Yellow diamonds stand for residues which were different between the two 
Cp149 constructs. Missing data points are due to missing assignments in either the solution-state (white circles) 
or the solid-state NMR study (grey circles). Secondary structure elements extracted from the X-ray structure are 
shown above the graph as pink boxes. Chemical shift differences below -1.5 ppm or above 1.5 ppm (grey dotted 
lines) are considered as significant. Three regions were identified and are colored in green, red, and blue. 
Isolated Met1 is highlighted in grey. B) Sphere representation of residues with significant chemical-shift 
differences between Cp149 dimer and Cp149 capsid. It includes residues M1, F18, L19, S21, D22, F23, L55, 
A58, L60, C61, W62, K96 and I97, which are labeled on subunit B and colored as in panel A. Residues N75 and 
L76 are not included, as the V74 to T74 substitution in the dimer in solution is likely to be at the origin of the 
observed CSPs. Helices are labeled on subunit A. PDB: 1QGT. The figures involving structures were all 
prepared using the PyMol software (Warren Delano, http://www.pymol.org). 
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Transfer 1 HC-CP HN-CP HN-CP HN-CP 
Field [kHz] 65.7(H)/50(C) 56.1(H)/43.1(N) 56.1(H)/43.1(N) 57.7(H)/43.1(N) 
Shape Tangent 1H Tangent 1H Tangent 1H Tangent 1H 
13C carrier [ppm] 56.5    
time [ms] 1 0.9 0.9 0.9 
Transfer 2 DARR NCa-CP NCO-CP NCa-CP 
Field [kHz] 17.5(H) 6(C)/10.9(N) 6(C)/11.5(N) 6(C)/11.5(N) 
Shape - Tangent 13C Tangent 13C Tangent 13C 
13C carrier [ppm] 97.8 54 174.9 59.9 
time [ms] 20 6 6 6 
Transfer 3    DREAM 
Field [kHz]    8(C) 
Shape    Tangent 13C 
Carrier [ppm]    56 
time [ms]    3 
t1 increments 2560 1344 1344 74 
sw (t1) [kHz] 93.75 62.5 62.5 5.7 
Acq. time (t1) [ms] 13.7 10.8 10.8 6.5 
t2 increments 3072 2304 2304 120 
sw (t2) [kHz] 93.8 100 100 8.0 
Acq. time (t2) [ms] 16.4 11.5 11.5 7.5 
t3 increments    2304 
sw (t3) [kHz]    100 
Acq. time (t3) [ms]    11.5 
1H decoupling SPINAL64 SPINAL64 SPINAL64 SPINAL64 
Field [kHz] 90 90 90 90 
Interscan delay d1 [s] 3 2.6 2.6 3 
Number of scans 16 24 24 16 
Measurement time 34 h 23 h 23 h 5 days 
     
 
Experiment NCACX NCOCX CANCO CCC 
Transfer 1 HN-CP HN-CP HC-CP HC-CP 
Field [kHz] 61.7(H)/43.1(N) 60.2(H)/43.1(N) 65.1(H)/50(C) 65.2(H)/50(C) 
Shape Tangent 1H Tangent 1H Tangent 1H Tangent 1H 
13C carrier [ppm]    55 
time [ms] 0.8 0.8 0.6 0.7 
Transfer 2 NCa-CP NCO-CP CaN-CP DREAM 
Field [kHz] 6(C)/10.8(N) 6(C)/11.6(N) 6(C)/11.5(N) 8(C) 
Shape Tangent 13C Tangent 13C Tangent 13C Tangent 13C 
13C carrier [ppm] 58.6 176.5 59.3 56 
time [ms] 6.5 3 6.5 4 
Transfer 3 DARR DARR NCO-CP DARR 
Field [kHz] 17.5(H) 17.5(H) 6(C)/10.9(N) 17.5(H) 
Shape - - Tangent 13C - 
Carrier [ppm] 58.6 176.5 176.2 43.8 
time [ms] 70 30 7 80 
t1 increments 64 96 135 200 
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sw (t1) [kHz] 5.7 5.7 8.0 15.1 
Acq. time (t1) [ms] 5.6 8.4 8.4 6.6 
t2 increments 85 108 100 200 
sw (t2) [kHz] 8.0 6.0 5.7 15.1 
Acq. time (t2) [ms] 5.3 9.0 8.8 6.6 
t3 increments 2304 2304 2304 2816 
sw (t3) [kHz] 100 100 100 93.75 
Acq. time (t3) [ms] 11.5 11.5 11.5 15.0 
1H decoupling SPINAL64 SPINAL64 SPINAL64 SPINAL64 
Field [kHz] 90 90 90 90 
Interscan delay d1 [s] 2.9 3 3 2.75 
Number of scans 16 16 8 4 
Measurement time 3 days 6 days 4 days 5.2 days 
     
 
Table 1. NMR experimental details. sw stands for spectral width. Experiments were recorded on an 800 MHz 
spectrometer at a 17.5 kHz MAS frequency and at a sample temperature of 5 °C. The 15N-insert was removed 
from the probe for the CCC experiment to increase the signal to noise ratio. 
Conclusion  
The contribution of MAS-NMR spectroscopy to understanding structural and dynamical 
features of virus-like particles has become significant over the past years. Here we have 
shown that assembled hepatitis B virus capsids can be studied by solid-state NMR. This is of 
particular importance to further analyze the conformational dynamics the core protein is 
thought to undergo upon its multiple interactions with viral and cellular factors, both protein 
and nucleic acids, that eventually yield a mature infectious virion. Labeled Cp149 protein can 
be produced in pure form and in large quantity in E. coli and the protein yields high-quality 
spectra with narrow lines and a dispersion typical for an α-helical protein. Sequential 
assignments are to 87 % complete for Cp149 backbone, and yield secondary chemical shifts 
matching available X-ray structures of the capsid. Signals for residues downstream residue 
140 are not detectable by either technique, owing to the dynamic behavior of the C-terminus, 
except for some core assembly mutants that are partially ordered down to residue 156 
(Klumpp at al. 2015). However, a comparison with the solution-NMR chemical shifts 
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reported for the Cp149 dimer (Freund et al. 2008) highlights conformational differences in 
three distinct regions of the protein, suggesting they are structurally affected by the transition 
from the dimer state to the capsid state. In summary, the work presented here sets the stage 
for future high resolution NMR studies of the HBV core protein which is central in HBV 
infection and thus is also becoming a highly attractive target for novel anti-HBV therapeutics 
(Zlotnick et al. 2015; Durantel and Zoulim 2016; Pei et al. 2017). 
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